In this study we focused on the effects of light irradiation and the addition of L-galactono-1,4-lactone (L-GalL) on the conversion of exogenous L-GalL to L-ascorbate (AsA) and the total AsA pool size in detached leaves of Arabidopsis plants and transgenic plants expressing the rat L-gulono-1,4-lactone oxidase gene. Increases in the total AsA level in L-GalL-treated leaves depended entirely on light irradiation. Treatment with an inhibitor of photosynthetic electron transport together with L-GalL reduced the increase in total AsA under light. Light, particularly the redox state of photosynthetic electron transport, appeared to play an important role in the regulation of the conversion of L-GalL to AsA in the mitochondria, reflecting the cellular level of AsA in plants.
L-Ascorbate (AsA, vitamin C) of plants is a major antioxidant and also acts as a cofactor for enzymes such as hydroxylase and dioxygenase, some of which are involved in the biosynthesis of phytohormones and secondary metabolites and in the hydroxylation of specific peptidyl-prolyl and peptidyl-lisyl residues. 1, 2) AsA is synthesized by plants and by all animals except for primates, guinea pigs, bats, and some birds. In animals, AsA is synthesized in the liver or kidney from D-glucose through the intermediates D-glucuronate and L-gulono-1,4-lactone (L-GulL).
3) Microsomal L-GulL oxidase (L-GulLO) oxidizes L-GulL to AsA as the final step in the biosynthesis of AsA. 4) In plants, the D-mannose/L-galactose (D-Man/L-Gal) pathway proceeds via GDP-D-Man, GDP-L-Gal, L-Gal 1-P, L-Gal, and L-galactono-1,4-lactone (L-GalL). Most of the enzymes related to the pathway have been identified and analyzed in detail. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] In addition to the D-Man/L-Gal pathway, another proposed pathway for AsA production in plants includes D-galacturonic acid (D-GalUA) as a precursor of L-GalL. 17) Wolucka and Van Montagu 15) have reported an alternative pathway involving L-gulose as an intermediate in the de novo biosynthesis of AsA in plants. Recently, Lorence et al. 18) presented molecular and biochemical evidence of another biosynthetic route that utilizes myo-inositol as a precursor of AsA. Although other pathways may be operating, 15, [18] [19] [20] [21] much biochemical and genetic evidence has confirmed that the D-Man/L-Gal pathway is a significant route to AsA biosynthesis, at least in Arabidopsis leaves. [5] [6] [7] [9] [10] [11] [22] [23] [24] In this pathway, L-GalL dehydrogenase (L-GalLDH) oxidizes L-GalL to AsA in the mitochondria as the final step, while the change from D-glucose to L-GalL occurs in the cytosol. L-GalLDH has been well characterized from several plant species. 13, 16, 25) Recent studies have demonstrated that it is an intrinsic membrane protein linked to the inner mitochondrial membrane 26, 27) and that it employs cytochrome c (Cyt c) as the sole physiological electron acceptor. 13, 16, 28) y To whom correspondence should be addressed. Tel/Fax: +81-742-43-8083; E-mail: shigeoka@nara.kindai.ac.jp Abbreviations: AOX, alternative oxidase; AsA, L-ascorbate; Cyt c, cytochrome c; DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone; DCMU, 3-(3,4-dichlorophenyl)-l,l dimethylurea; DHA, dehydroascorbate; L-GalL, L-galactono-1,4-lactone; L-GalLDH, L-galactono-1,4-lactone dehydrogenase; L-Gul, L-gulono-1,4-lactone; L-GulLO, L-gulono-1,4-lactone oxidase; PET, photosynthetic electron transport; RET, respiratory electron transport Leaves exposed to intense light contain more AsA than leaves in the shade. 7, [29] [30] [31] The change in the transcript levels of L-GalLDH almost coincided with that in the levels of AsA in leaves of tobacco and Arabidopsis plants. 29, 30) Tamaoki et al. 25) reported that transcript levels of L-GalLDH in young rosette leaves of Arabidopsis plants increased by approximately 2-fold during the daytime. In contrast, no significant changes were observed in the transcript levels of L-GalLDH in tobacco leaves during the day-night cycle, though the leaf AsA level increased nearly 4-fold at the end of 16 h of daylight. 32) Recently, we reported that photosynthetic electron transport (PET) is closely linked to the regulation of AsA levels in the leaves of the Arabidopsis plant. 33) Among the enzymes of the AsA biosynthesis pathway, the transcript levels of GDP-D-Man pyrophosphorylase (GMP), L-Gal 1-P phosphatase (GPP), and the VTC2 gene, which encodes GDP-L-Gal phosphorylase, changed in parallel with the changes in the leaf AsA pool size during the dark and light periods.
Bartoli et al. 29) have found that the regulation of L-GalLDH activity via the interaction of light and respiratory controls is a crucial determinant of the overall ability of leaves to produce and accumulate AsA, but the mechanism by which light regulates AsA levels in plants is still largely unknown. Here we studied the relationship between light irradiation and the conversion of L-GalL to AsA in Arabidopsis leaves.
Materials and Methods
Plant materials and growth conditions. Arabidopsis thaliana ecotype Columbia seedlings were grown on a Rock Fiber (Nittobo, Tokyo) containing inorganic salts 34) and 0.5 g/l of 2-morpholinoethanesulfonic acid (MES) (pH 5.7). After 2 d of stratification in the cold (4 C), the plates were incubated in growth chambers under 16 h of 100 mmol/m 2 /s light (25 C) and 8 h of darkness (20 C) for 3 weeks. L-GalL at 10 mM, 3-(3,4-dichlorophenyl)-l,l dimethylurea (DCMU) at 10 mM, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB) at 20 mM, rotenone at 100 mM, antimycin A at 50 mM, NaN 3 at 100 mM, and cycloheximide (CHI) at 50 mM were used. The detached leaves were floated on a liquid Murashige and Skoog medium 34) containing several compounds in petri dishes.
Enzyme extraction and assay. Leaf tissues (0.5 g) were ground to a fine powder in liquid N 2 and then homogenized in 3 ml of 100 mM potassium phosphate buffer (pH 7.4) containing 20% (v/v) glycerol, 5 mM GSH, and 0.5 mM FAD using a mortar and pestle. The homogenate was centrifuged for 15 min at 100;000 Â g. L-GalLDH is associated with the mitochondrial membrane. 13, 16, 27, 28) Hence the membrane fraction was suspended in 1 ml of 100 mM potassium phosphate buffer (pH 7.4) containing 20% (v/v) glycerol, 5 mM GSH, and 0.5 mM FAD. L-GalLDH was assayed spectrophotometrically by measuring the reduction in oxidized Cyt c at 550 nm, according to the procedure of Yabuta et al. 16) Protein was determined by the method described in Bradford.
35)
Measurement of AsA and DHA levels. AsA and dehydroascorbate (DHA) were measured as described by Yabuta et al. 33) Rosette leaves of Arabidopsis seedlings (0.5 g wet weight) frozen in liquid N 2 were ground using a mortar and pestle with 5 ml of 6% (v/v) HClO 4 , and were centrifuged at 10;000 Â g for 10 min at 4 C. For determination of the total AsA, a 100-ml aliquot of the leaf extract obtained was adjusted to pH 6.0 with 1.25 M K 2 CO 3 and then centrifuged at 10;000 Â g for 5 min. The supernatant was incubated with 10 mM dithiothreitol (DTT) dissolved in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-KOH buffer (pH 7.5) for 30 min at 25 C. A 100-ml aliquot of the solution was added directly to 900 ml of 200 mM succinate buffer (pH 6.0) in a spectrophotometer. The A 265 was immediately recorded and again 5 min after the addition of 5 units of AsA oxidase from Cucurbita sp. (Wako, Osaka, Japan). For determination of the reduced form, AsA, a 100-ml aliquot of the solution was added directly to 900 ml of a 200 mM succinate buffer (pH 12.7, adjusted with NaOH) in the spectrophotometer. The final pH was very near 6.0. The resulting solution was assayed as described above. The difference between the total AsA and AsA contents was taken to be the DHA content.
Measurements of chlorophyll fluorescence and respiratory activity. Chlorophyll fluorescence and respiratory activity were measured following Yabuta et al. 33) The respiratory activity in the detached Arabidopsis leaves was measured with a LI-6400 portable photosynthesis system (Li-Cor, Lincoln, NE). The respiratory activity was measured under the following conditions: darkness, 360 mmol/CO 2 mol, 25 C, and 60% relative humidity. Chlorophyll fluorescence in the detached Arabidopsis leaves was measured at 25 C with a Closed FluorCam 800MF (Photon Systems Instruments, Brno, Czech Republic).
Generation of transgenic plants. The pDH/Pro.35S: At.GalLDH and pDH/Pro.35S:R.GulLO plasmids were constructed as follows. Total RNA was prepared from rosette leaves of Arabidopsis seedlings (1.0 g of fresh weight) or rat liver (2.0 g of fresh weight) using Sepasol Ò -RNAI (Nacalai Tesque, Kyoto, Japan). Firststrand cDNA was synthesized using ReverTra Ace (reverse transcriptase; Toyobo, Tokyo) with an oligo(dT) 20 primer. The reaction was performed in a 20-ml mixture containing a standard enzyme buffer supplied by the manufacturer (Toyobo), 1 mg of total RNA, 0.25 mM oligo(dT) 20 primer, 1 mM dNTPs, and 100 units of reverse transcriptase. The reaction mixture was incubated at 42 C for 60 min and then at 99 C for 5 min. The mixture was used as template cDNA in PCR analysis. The coding region of Arabidopsis L-GalLDH cDNA was amplified by RT-PCR using primers 5 0 -TCTAGAATGCTCCGGTCACTTCTTCT-3 0 and 5 0 -GG-TACCTTAAGCAGTGGTGGAGACT-3 0 . The coding region of rat L-GulLO cDNA was amplified by RT-PCR using primers 5 0 -TCTAGAATGGTCCATGGG-TACAAAGG-3 0 and 5 0 -CTCGAGCTTTAGTAGAAG-ACTTTCT-3 0 . The amplified fragment was integrated into the Xba I/Kpn I site and the Xba I/Xho I site between the cauliflower mosaic virus (CaMV) 35S and the nopalin synthetase (NOS) terminator sequence of plant binary vectors pDH127 and pDH123, respectively. DNA sequences were confirmed using the ABI Prism 3100 Genetic Analyzer (Applied Biosystems). Arabidopsis thaliana ecotype Colombia plants were transformed using Agrobacterium harboring the pDH/ Pro.35S:At.GalLDH and the pDH/Pro.35S:R.GulLO construct. T 3 seeds were used in subsequent experiments.
Quantitative RT-PCR analysis. Quantitative RT-PCR analysis was performed following Nishizawa et al. 36) To eliminate DNA contamination, 50 mg of total RNA was treated with DNase I (Takara). Total RNA was purified with an RNeasy Plant Mini Kit (Qiagen) and converted into cDNA using ReverTra Ace (Toyobo, Osaka, Japan) with oligo (dT) 20 primer. Primer pairs for quantitative RT-PCR were designed using Primer Express software (Applied Biosystems), and the primer sequences were as follows: Actin2-F (5 0 -GGCAAGTCATCACGATTGG-
. Gene-specific primers were chosen such that the resulting PCR product was approximately 100-bp long. Quantitative RT-PCR was performed with an Applied Biosystems 7300 Real Time PCR System (Applied Biosystems), using SYBR Premix Ex Taq (Takara). Actin2 mRNA set to 100% was used as the internal standard in all experiments. The quantitative RT-PCR experiments were repeated at least 3 times for cDNA prepared from three batches of plants.
Data analysis. Significance of differences between data sets was evaluated by t-test. Calculations were carried out with Microsoft Excel software.
Results
The effect of light on the conversion of L-GalL to AsA Arabidopsis leaves grown under illumination were detached and then moved to the dark, and the total AsA level was determined (Fig. 1) . After 48 h in the dark, the total AsA level of the detached leaves had decreased by 71%. On the other hand, the total AsA level increased by 188% in the detached leaves exposed to continuous light for 48 h. Treatment of detached leaves with 10 mM L-GalL caused the total AsA level to increase markedly, by 657%, after 48 h under continuous light (Fig. 1) . The total AsA level in the L-GalL-treated leaves increased Three-week-old Arabidopsis plants grown under 16 h of light at 100 mmol/m 2 /s under 8 h of darkness. The detached leaves were incubated in liquid Murashige and Skoog medium with 10 mM L-GalL (þ L-GalL) and without L-GalL (À L-GalL) in petri dishes, and then moved into the dark or exposed to continuous light at 100 mmol/m 2 /s. At the indicated times, the leaves were extracted and used to assay the total level of AsA, as described in ''Materials and Methods.'' Data are the mean values AE SD for three independent experiments (n ¼ 3). Different letters indicate significant differences (P < 0:05). approximately 3.5-fold as compared with the untreated leaves. Under dark conditions, the total AsA level was not changed by the addition of L-GalL. The DHA levels in the L-GalL-treated and untreated leaves did not change under light or darkness (data not shown).
Next, we determined L-GalLDH activities in the L-GalL-treated and untreated leaves under both continuous light and darkness. No significant differences were observed between the treated and untreated leaves under either set of conditions (Fig. 2) .
When the leaves were treated with L-GalL for 18 h under continuous light and shifted to the dark, the increase in the total AsA level was arrested (Fig. 3) . Re-irradiation restored the increase in the total AsA level in the L-GalL-treated leaves. The DHA levels in the L-GalL-treated and untreated leaves did not change under the experimental conditions (data not shown).
The effects of treatment with a photosynthetic electron transport inhibitor on the conversion of L-GalL to AsA
Recently, we reported that light-based regulation of AsA biosynthesis is dependent on PET. 33) To understand the connection between PET and the conversion of L-GalL to AsA, we applied inhibitors of PET, DCMU, which blocks the electron flow toward plastoquinones in photosystem (PS) II, and DBMIB, which reduces the rate of oxidation of the plastoquinone pool by binding to the cytochrome b 6 = f complex. The quantum yield of PS II in the leaves was slightly reduced 6 h after treatment with 10 mM DCMU and with 20 mM DBMIB, and completely inhibited after 24 h (data not shown). Treatment with DCMU or DBMIB for 48 h caused the total AsA level in the leaves to decrease by 41% and 36% respectively as compared with L-GalLtreated leaves (Fig. 4) , while treatment with these compounds together did not affect L-GalLDH activity (data not shown).
Effects of treatment with a respiratory electron transport inhibitor on the conversion of L-GalL to AsA
Light irradiation also has been found to affect mitochondrial respiratory electron transport (RET). 29, 37) To determine the effects of mitochondrial RET chain inhibitors on the conversion of L-GalL to AsA in leaves, we added 100 mM of rotenone, an inhibitor of complex I, 50 mM of antimycin A, an inhibitor of Cyt c reducase at the level of complex III, or 100 mM of NaN 3 , an inhibitor of complex IV, together with L-GalL, to detached leaves under continuous light. Treatment with antimycin A, NaN 3 , or rotenone for 48 h significantly reduced respiratory activity (data not shown) and the total AsA level in leaves by 52%, 48%, and 46% respectively as compared with the level in L-GalL-treated leaves (Fig. 5) . Leaves. The experimental conditions are described in Fig. 1 . At the indicated times, the leaves were extracted and used to assay L-GalLDH activity, as described in ''Materials and Methods.'' Data are the mean values AE SD for three independent experiments (n ¼ 3). Different letters indicate significant differences (P < 0:05). ) and without L-GalL (filled circles) in petri dishes, exposed to continuous light for 18 h, moved into the dark for 12 h, and then re-irradiated. At the indicated times, the leaves were extracted and used to assay the total level of AsA. Data are the mean values AE SD for three independent experiments (n ¼ 3). Different letters indicate significant differences (P < 0:05).
Effects of treatment with chyloheximide, an inhibitor of de novo protein synthesis, on the conversion of L-GalL to AsA
Because the redox state of PET is associated with the regulation of nuclear gene expression, 38) we checked the effect of treatment with CHI on the activity of oxidizing L-GalL. The addition of 50 mM CHI together with L-GalL to detached leaves significantly suppressed the increase in the total AsA level under continuous light (Fig. 6) . Treatment with CHI for 48 h did not cause a decrease in L-GalLDH activity in detached leaves (data not shown).
Production of transgenic Arabidopsis plants expressing a rat L-GulLO cDNA
As described above, we found that light, in particular PET activity, is essential to the conversion of L-GalL to AsA by L-GalL feeding tests in detached Arabidopsis leaves. It has been found that L-GalL is easily incorporated into the cells of detached Arabidopsis leaves without illumination. 29) Accordingly, light might be involved in the regulation of the incorporation of L-GalL into the mitochondria from the cytosol or the conversion of L-GalL to AsA via L-GalLDH facing the intermembrane space side of the inner membrane of the mitochondria.
To test this hypothesis in vivo, we tried to produce numerous transgenic Arabidopsis lines expressing their own L-GalLDH or rat L-GulLO. Unfortunately, no transgenic lines with enhanced L-GalLDH activity were generated, though 35 independent transgenic Arabidopsis plants expressing the rat L-GulLO gene (Ox-GulLO) were obtained. Rat L-GulLO utilized not only L-GulL but also L-GalL, at a rate of oxidation of 87% of that with L-GulL, distributed in the microsomal fraction of the liver. 39) This evidence suggests that the L-GulLO expressed in plant cells catalyzes the conversion of L-GalL to AsA in the microsome and cytosol, but not in the mitochondria.
No difference was observed in growth or morphology between the wild-type and Ox-GulLO plants. Transcripts derived from the transgene were detected in Ox-GulLO plants grown for 2 weeks under normal conditions, but not in the control plants (transformed with empty vector), by quantitative RT-PCR analysis (Fig. 7) . Of 35 independent transgenic Arabidopsis lines, the Ox-GulLO-8 and -11 plants had relatively high levels of L-GulLO transcript, and hence were used 6 12 24 6 12 24 6 12 24 6 12 24 Total ascorbate (µmol g -1 Detached leaves of three-week-old Arabidopsis were incubated in liquid Murashige and Skoog medium containing 10 mM L-GalL and RET inhibitors (100 mM rotenone, 50 mM antimycin A and 100 mM NaN 3 ) in petri dishes under light illumination (100 mmol/m 2 /s). At the indicated times, the leaves were extracted and used to assay the total level of AsA. Data are the mean values AE SD for three independent experiments (n ¼ 3). Different letters indicate significant differences (P < 0:05).
in the experiments that followed, but no activity of L-GulLO was detected in the Ox-GulLO-8, Ox-GulLO-11, or control plants (data not shown). There was thus no difference in total AsA levels among the Ox-GulLO-8, Ox-GulLO-11, and control plants (Fig. 8) .
To identify the L-GulLO activities of transgenic lines, leaves detached from the Ox-GulLO-8, Ox-GulLO-11, and control plants were treated with 10 mM L-GulL (Fig. 8) . At 48 h after treatment, the total AsA levels in the leaves of the Ox-GulLO-8 and -11 plants were approximately 1.4-and 1.2-fold higher respectively than those of the control plants under continuous light. Importantly, in the dark, the total AsA levels in the leaves of Ox-GulLO-8 and -11 plants were also approximately 1.6-fold higher than the levels in the control leaves at 48 h after treatment with L-GulL. DHA levels in the L-GulL-treated and untreated leaves did not change under light or darkness (data not shown).
Effects of treatment with L-GalL on the total AsA level in leaves of control and transgenic plants
Detached leaves of control, Ox-GulLO-8, and OxGulLO-11plants were treated with L-GalL under continuous light and continuous darkness. Total AsA levels increased by 136%, 141%, and 149% respectively under continuous light after 48 h, and decreased by 71%, 72%, and 71% respectively in the dark after 48 h (Fig. 9) . Treatment with 10 mM L-GalL caused the total AsA level in the leaves to increase markedly, by 393%, 446%, and 471% respectively after 48 h of continuous light. Under dark conditions, there was no increase in the total AsA level in Ox-GulLO-8, Ox-GulLO-11, or the control plants after 48 h. No significant difference was observed in DHA levels among the Ox-GulLO-8, Ox-GulLO-11, and control plants (Fig. 9) .
Discussion
The biosynthesis of AsA is regulated by light in plant cells. 7, [29] [30] [31] 33) Recently, we reported that treatment with a PET inhibitor, such as DCMU or atrazine, arrested the increase in the total AsA level and the induction of transcription of GMP, GPP, and VTC2 caused by irradiation. 33) These findings suggest that regulation of AsA production by light is necessary to PET-mediated expression of these genes. In this study, we focused on the effects of light on the conversion of L-GalL to AsA and the total AsA pool in detached leaves of Arabidopsis plants and in transgenic plants expressing rat L-GulLO.
The total AsA level in the leaves was significantly increased by treatment with L-GalL under light, while it Total RNAs were isolated from control and Ox-GulLO plants grown for 2 weeks under normal growth conditions. Total RNA was reverse-transcribed into cDNA, and was used as a template for a quantitative reverse transcriptase-polymerase chain reaction, as described in ''Materials and Methods.'' Specific primers for rat L-GulLO and Arabidopsis Actin2 standard were designed. Relative transcript levels were normalized to Actin2 mRNA (= 100%). Data are the mean values AE SD for three independent experiments (n ¼ 3). Detached leaves of 3-week-old control, Ox-GulLO-8, and Ox-GulLO-11 plants were incubated in liquid Murashige and Skoog medium containing 10 mM L-GulL in petri dishes with and without illumination (100 mmol/m 2 /s). At 48 h after treatments, the leaves were extracted and used to assay the total level of AsA. Data are the mean values AE SD for three independent experiments (n ¼ 3). Different letters indicate significant differences (P < 0:05). Detached leaves of 3-week-old control, Ox-GulLO-8, and Ox-GulLO-11 plants were incubated in liquid Murashige and Skoog medium containing 10 mM L-GulL in petri dishes with and without illumination (100 mmol/m 2 /s). At the indicated times, the leaves were extracted and used to assay the total level of AsA. Data are the mean values AE SD for three independent experiments (n ¼ 3). Different letters indicate significant differences (P < 0:05).
was unchanged under darkness (Fig. 1) . Furthermore, interruption of irradiation arrested the increase in the total AsA level caused by the L-GalL treatments, and re-irradiation restored the increase (Fig. 3) . Thus it appears likely that the conversion of L-GalL to AsA via L-GalLDH is tightly regulated by light. Tamaoki et al. 25) have reported that transcript levels of L-GalLDH in the young rosette leaves of Arabidopsis plants increase by approximately 2-fold during the daytime. In contrast, no significant changes were observed in the transcript levels of L-GalLDH in tobacco leaves through the day-night cycle, whereas the total AsA level in the leaves increased nearly 4-fold by the end of 16 h of daylight. 32) Moreover, it has been reported that transcription of L-GalLDH in rosette leaves did not change under continuous light. 33) Treatment of hypocotyls of the kidney bean with L-GalL caused an increase in AsA levels, which paralleled the increase in L-GalLDH activities. 27) As shown in Fig. 2 , the L-GalLDH activities of the L-GalL-untreated leaves did not change under light or dark conditions. These findings suggest that the response of L-GalLDH to light is not critical to the regulation of leaf AsA content.
The redox state of PET is a cue to the regulation of a host of plastid and nuclear genes that encode the core proteins of PSI and II, 40) PET itself, 41) photomorphogenesis, 42) antioxidative enzymes, [43] [44] [45] and AsA biosynthesis-related genes. 33) Hence, we checked the effects of inhibitors of PET on the oxidation of L-GalL in Arabidopsis leaves. Treatment with DCMU and DBMIB together with L-GalL significantly suppressed the increase in the total AsA level under continuous light (Fig. 4) . These findings suggest that the redox state of PET is essential to the light-based regulation of the oxidation of L-GalL as well as the expression of the genes involved in the biosynthesis of AsA.
In view of the fact that L-GalLDH activity in Arabidopsis leaves did not change under any of the present experimental conditions, PET might regulate the incorporation of L-GalL into the mitochondria from the cytosol. To test this hypothesis in vivo, we generated transgenic Arabidopsis plants expressing their own LGalLDH or rat L-GulLO. Unfortunately, no transgenic lines with enhanced L-GalLDH activity were generated, though several transgenic lines accumulated L-GalLDH mRNA (data not shown). Previously, Tokunaga et al. 46) generated transgenic cultured tobacco cells with enhanced activity of L-GalLDH. These findings suggest that L-GalLDH protein cannot be overexpressed in planta except for cultured cells due to post-transcriptional regulation. In contrast to the case of L-GalLDH, we succeeded in generating transgenic Arabidopsis plants expressing the rat L-GulLO gene. In the case of the L-GulL supplementation test, the total AsA levels in the leaves of Ox-GulLO-8 and -11 plants slightly but significantly increased as compared with those of the control plants under both sets of conditions (Fig. 8) . These results indicate that the L-GulLO protein is to some extent expressed as an active form in Ox-GulLO-8 and -11 plants and is functional in vivo even under dark conditions. On the other hand, there was no significant difference after L-GalL treatment as between the OxGulLO-8, Ox-GulLO-11, and control plants under light and darkness (Fig. 9) . At the present stage, further studies are required to confirm or disconfirm the hypothesis that exogenous L-GalL does not accumulate in the cytosol and is rapidly incorporated into the mitochondria irrespective of light irradiation, because we analyzed only two lines expressing rat L-GulLO.
As shown in Fig. 6 , the oxidation of L-GalL was inhibited by treatment with CHI, an inhibitor of protein synthesis, suggesting that de novo synthesis of a protein factor is necessary to the regulation of L-GalL oxidation in vivo. Plant mitochondria have an alternative oxidase (AOX) that accepts electrons directly from the ubiquinone pool without intervention of the Cyt c oxidase pathway through complexes III and IV. It has been reported that antimycin A treatment stimulated the increase in the AsA level caused by the addition of L-GalL in isolated intact mitochondria. 26, 47) Bartoli et al. 29) found that overexpression of the AOX gene in Arabidopsis plants enhanced the capacity for oxidation of L-GalL to AsA, leading to the conclusion that the availability of oxidized Cyt c, which is affected by the activity of AOX, is important to the light-based regulation of the oxidation of L-GalL. Moreover, the expression and activity of AOX were increased by light concomitant with the redox state of PET in Arabidopsis leaves. 48) However, in this study, treatment with antimycin A, as well as NaN 3 and rotenone, significantly suppressed the increase in total AsA levels caused by L-GalL treatment under continuous light (Fig. 5) . Although the discrepancy between the previous findings and the present results might be due to a difference in plant materials, we cannot conclude that PET-mediated regulation of the conversion of L-GalL to AsA is dependent on the availability of oxidized Cyt c. Recently, it has been suggested that the light energy in PET can be transported into RET by a mechanism such as the malate-oxaloacetate shuttle, indicating that RET activity is controlled by the redox states of PET. 49) Accordingly, the present results suggest that sufficient respiratory flux rather than the availability of oxidized Cyt c is essential to the light-dependent conversion of L-GalL to AsA in vivo.
The present findings and those reported to date suggest that light plays multifaceted roles not only in inducing expression of the genes involved in the biosynthesis of AsA, but also in the conversion of L-GalL to AsA, reflecting the cellular levels of AsA in plants. Although it is unclear how the redox state of PET is involved in the conversion of L-GalL to AsA in the mitochondria, the present results provide evidence that cross-talk between PET and RET makes a key contribution to the light-based regulation of AsA biosynthesis in plants.
